A dvances in renewable energy largely rely on technologies for energy conversion and storage to mitigate intermittency issues associated with wind and sunlight. Electrochemical processes such as water splitting and CO 2 reduction have been widely studied for conversion of electrical energy into fuels and chemicals. Water oxidation, or the oxygen evolution reaction (OER), plays a key role by providing the protons and electrons needed for these processes; improving the efficiency and durability of OER catalysts has a direct impact on device efficiency and cost effectiveness. Here we report an OER catalyst that demonstrates activity and stability in acid electrolyte.
Decades of research investigating catalysts for the OER have led to substantial advancements in the field and the development of active catalysts. However, even the best currently known catalysts require >320 mV overpotential to reach 10 mA/cm 2 oxide (1-8), a measure of intrinsic activity acquired by normalizing the OER current to the catalyst surface area. To partially overcome the low intrinsic activity of known OER catalysts, the activity of an OER electrode can be improved on a geometric-area basis by increasing catalyst loadings or by improving catalyst morphologies to expose large surface areas. Such approaches, however, can ultimately become limited by mass transport and/or catalyst conductivity. Another major concern is the cost and scarcity of precious metal-based OER catalysts, particularly in acidic electrolyte.
Whereas there are a plethora of precious and nonprecious metal catalysts that exhibit activity and stability in alkaline electrolyte, IrO x and RuO x are currently the only known materials that can reach~5 mA/cm 2 oxide with overpotentials less than 750 mV in acidic electrolyte (1, 9) . New OER catalysts for use in acidic environments could have a direct impact on improving polymer electrolyte membrane-based water electrolyzers, a recent technology that overcomes many of the disadvantages of conventional alkaline electrolyzers (10) but in which OER catalysts are primarily restricted to IrO x .
The recent development of techniques for high-quality growth of epitaxial complex oxide thin films and heterostructures provides an intriguing opportunity for the conception and fundamental study of OER catalysts (11, 12) . Using such an approach, we developed a catalyst IrO x /SrIrO 3 , which is stable in acidic electrolyte and substantially outperforms known IrO x catalysts. We applied density functional theory (DFT) calculations and several materials characterization techniques to understand the possible active sites contributing to the extremely high activity.
The bulk material of this catalyst consists of epitaxial SrIrO 3 thin films deposited on SrTiO 3 substrates by pulsed laser deposition (PLD; details are provided in the supplementary materials) (12) . The catalyst activity and stability was assessed in 0.5 M H 2 SO 4 by using alternating cyclic voltammetry and chronopotentiometric holds at 10 mA/cm 2 geo (current normalized to the geometric surface area of the electrode or the catalyst substrate) in a procedure similar to that which has been used in benchmarking studies for other electrochemical catalysts (1) . Figure 1A shows the potential required to reach 10 mA/cm 2 geo during a 30-hour stability test, and fig. S1A shows example cyclic voltammograms (CVs) taken periodically during testing. Figure 1B shows a Tafel plot of the intrinsic, or specific, activities for both films over the course of the stability test, compared with the best reported catalysts in acidic electrolyte (1, 13) . Initially, the films require 340 mV of overpotential (measured by CV) to reach 10 mA/cm 2 oxide and improve to 320 mV of overpotential after 10 min of testing. The catalyst continues to increase in activity during the first 2-hour chronopotentiometric hold and requires only 270 to 290 mV of overpotential to reach 10 mA/cm 2 oxide for the remainder of the measurements. Figure 1B also fig. S1B that includes the best reported catalysts in both acidic and alkaline electrolyte.
DFT calculations were performed to provide further understanding of the nature of the SrIrO 3 surface and its high activity. Consistent with previous studies (14, 15) , we assumed a four-step OER mechanism that proceeds through OH*, O*, and OOH* (where the asterisk indicates surface-bound species), and we evaluated OER activity on the basis of the theoretical overpotential, which is the overpotential required to make all elementary steps exergonic (further model details are included in the supplementary materials).
DFT simulations of the IrO 2 termination of SrIrO 3 (001) (Fig. 2B ) yielded a theoretical overpotential of 0.59 V, which is well above the value that we calculated for rutile IrO 2 (110) (0.38 V). This suggests that surface sites at the (001) facet may not be responsible for the high activity of SrIrO 3 that we observed experimentally. It is well known that alkaline earth metals may leach from perovskites under aqueous conditions (16) , and in the case of SrIrO 3 , we calculated a thermodynamic driving force of 3.2 eV per Sr atom to form aqueous Sr 2+ and rutile IrO 2 at the relevant experimental conditions. We investigated possible motifs of the Sr-deficient IrO x /SrIrO 3 surface by examining a variety of overlayer structures that may arise during OER and contribute to catalytic activity.
The first overlayer structure that we considered was anatase IrO 2 . Although rutile is known to be the most stable bulk polymorph of IrO x , the anatase structure is much more commensurate with the SrIrO 3 perovskite lattice because their calculated lattice constants are within 2% of each other. The anatase and perovskite structures are also very similar when viewed down the c axisboth consist of IrO 6 octahedra that share corners in the (00l) planes-suggesting that a transformation between them may be kinetically accessible. Furthermore, the growth of micron-sized (001)-oriented TiO 2 anatase crystallites has been observed experimentally after soaking SrTiO 3 in water (17) . On replacement of the top two layers of SrIrO 3 with anatase IrO 2 (001) (Fig. 2C) , we calculated a stabilization of 2.2 eV per Sr atom and a theoretical overpotential of 0.30 V. For the limiting case of pure anatase IrO 2 (001) (Fig. 2D) , which may occur in thicker overlayers where strain has been released, we calculated a similar theoretical overpotential of 0.28 V, which is very near the peak of the OER volcano ( Fig. 2A) . This is in agreement with a recent theoretical study of several metastable polymorphs of IrO 2 in the low coverage limit that found anatase to be the most active (18) .
The second IrO x overlayer structure that we considered was produced by simulated annealing using ab initio (DFT) molecular dynamics with the IrO 2 -anatase/SrIrO 3 structure as an initial guess. This structure can be viewed as similar to ReO 3 with a "sheet" of oxygen removed in the (100) plane, which results in a series of square coordinated IrO 4 planes anchored by SrIrO 3 (001) (Fig. 2E) . The stability of this structure is similar to that of the anatase overlayer starting point, but its calculated theoretical overpotential (0.78 V) was found to be much worse. Filling the vacant (100) planes with oxygen to form an IrO 3 film stabilizes the structure by -0.03 eV per O atom at OER equilibrium and improves the theoretical overpotential to 0.47 V (Fig. 2F) . Removal of a third layer of Sr further reduces the overpotential value to 0.28 V (Fig. 2G) . The observation of nominal Ir oxidation states greater than 4+ is unusual in solid oxides, but we predict their stability under the oxidizing experimental conditions. Ultimately, our calculations suggest that the activity of SrIrO 3 is improved as Sr leaches into the electrolyte and that the formation of sites similar to IrO 3 or anatase IrO 2 may be responsible for the experimentally observed activity. Although we cannot exclude other, even more stable and active overlayer structures, these calculations illustrate that Sr deficiencies in the nearsurface of SrIrO 3 can induce substantially improved OER activity on Ir sites. It is also worth noting that the surfaces considered in this study are concentrated at the more favorable, lower bound of the previously reported universal scaling relationship between OH and OOH (10) (Fig. 2J) . This results in an elevated volcano peak in Fig.  2A and suggests that the most active surfaces considered here are at the limit of what is possible without breaking the scaling between OH and OOH.
After identifying active sites for this catalyst surface that may contribute to the observed activity, materials characterization provided further insight into the catalyst morphology and composition before and after electrochemical testing. Atomic force microscopy (AFM) was used to assess the surface morphology and roughness of these films. Figure 3A presents 2-by 2-mm maps and 2-mm line scans for a 100-nm SrIrO 3 film before and after 30 hours of testing. Although there was some surface rearrangement, the films were notably flat as prepared and exhibited uniform small features after stability testing. The root mean square roughness and surface roughness factors (film surface area normalized to geometric area) were quantified for both the SrIrO 3 and the IrO 2 PLD films and are presented in the table in Fig. 3B (AFM maps and line scans are shown in fig. S3 ). These measurements were used to normalize the electrochemical activity to the actual catalyst surface area, and the flat nature of the films allows for accurate quantification of specific activity.
The expected bulk crystal structure of SrIrO 3 was confirmed by x-ray diffraction (XRD). It has been previously reported that the perovskitetype SrIrO 3 with orthorhombic symmetry is stabilized on SrTiO 3 (100) (12, 19, 20) ; therefore, all XRD patterns are labeled using the pseudo-cubic notation for SrIrO 3 . Figure 3C shows diffractograms of a 100-nm SrIrO 3 film before and after 30 hours of testing. Both display the characteristic sharp peaks of the SrTiO 3 substrate and the broader peaks of orthorhombic SrIrO 3 . There is some observable decrease in SrIrO 3 peak intensities measured after OER testing, which is most visible in the SrIrO 3 (200) peaks (enlarged plot in fig. S4 ), but the bulk of the film appears to have remained crystalline. XRD results for the IrO 2 PLD film are shown in fig. S5 .
The surface composition and chemical state of the IrO x /SrIrO 3 catalysts were assessed by x-ray photoelectron spectroscopy (XPS). Sample Ir4f and Sr3d peaks are shown in Fig. 3D for a 100-nm IrO x /SrIrO 3 sample before and after 30 min of electrochemical testing. The Ir4f peak can be fit with two doublets, as has been observed previously (21) (22) (23) , which likely correspond to screened and unscreened components of an Ir 4+ state. The Sr3d peak can be fit with two doublets before testing, but as Sr is leached during the first 30 min of electrochemical testing, the signal decreases considerably and the spectral shape appears to change; the spectra are only fit with one doublet after testing. Additional XPS spectra are shown for Ir4f and Sr3d peaks in fig. S6 , along with a more thorough peak-fitting analysis. A comparison of XPS spectra measured after varying periods of electrochemical testing on sister samples shows the Sr signal decreasing to 25 to 28% of its original value after 30 min and decreasing to about 20% of its original value after 24 hours, during which time the Ir signal remains constant. This indicates that Sr is leaching from the surface of the catalyst during electrochemical testing and suggests that the rate of Sr leaching is fastest during initial testing and slows or perhaps even stops with additional testing, likely because of kinetic barriers of Sr transport through the lattice. This is in agreement with previous measurements of Sr leaching from SrTiO 3 (16) .
Furthermore, a decrease in the Sr XPS signal to 25% of its original value after 30 min of electrochemical testing would indicate that about seven monolayers of SrIrO 3 at the surface have been completely depleted of Sr. In reality, there is probably a distribution of Sr leaching from the topmost SrIrO 3 layers, as indicated by XPS results in Fig. 3E , which shows the Sr and Ir content as a function of depth from the catalyst surface. Inductively coupled plasma optical emission spectroscopy measurements of the electrolyte after testing provided complementary results, indicating that 30 to 50% of the Sr is leached from the films in the first 30 min of testing (additional details are provided in the supplementary materials). Evidence of Sr leaching and minor surface rearrangement of the resulting IrO x films suggests that an IrO x /SrIrO 3 catalyst is formed in situ and becomes increasingly active over the first 2 hours of electrochemical testing. Although the exact structure of the surface formed during reaction is still unknown, DFT calculations have identified possible structures that could be kinetically or epitaxially stabilized by the interface with SrIrO 3 and could contribute to the very high observed activity. The stability and high intrinsic activity of this catalyst show promise for its integration into renewable energy technologies, such as polymer electrolyte membrane electrolyzers, for the sustainable production of hydrogen or other fuels and chemicals.
